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We report the magnetoresistance, magnetothermopower and quantum oscillation study of
Sb2Te2Se single crystal. The in-plane transverse magnetoresistance exhibits a crossover at a critical
field B∗ from semiclassical weak-field B2 dependence to the high-field unsaturated linear magne-
toresistance which persists up to the room temperature. The low-temperature Seebeck coefficient is
negative in zero field contrary to the positive Hall resistivity, indicating the multiband effect. The
magnetic field induced the sign reversion of the Seebeck coefficient between 2 K and 150 K, . The
quantum oscillation of crystals reveals the quasi-two-dimensional (quasi-2D) Fermi surface. These
effects are possibly attributed to the large Fermi surface which touches Brillouin zone boundary to
becomes quasi-2D and the variation in the chemical potential induced by the magnetic field.
PACS numbers: 72.80.Ga,72.20.Pa,75.47.Np
I. INTRODUCTION
The VA-VIA compounds (such as Bi2Te3, Sb2Te3) are
well known and have been extensively studied long time
ago for their excellent thermoelectric properties.1,2 Re-
cently a new property of these materials, topological in-
sulator (TI), became one of the mostly focused subject
of the condensed matter physics and material science.3,4
In the three dimensional (3D) TIs, the existence of the
nontrivial topological invariance dictates that the excita-
tion gap must vanish at the boundaries, thereby inducing
the robust metallic surface states in contrast to the full
insulating gap in the bulk. The spin-momentum-locked
gapless surface states consisting of spin helical Dirac
fermions with a quantum Berry phase could result in a
variety of interesting quantum phenomena, such as the
quantum anomalous Hall effect and topological super-
conductor, because the back-scattering and localizaton
is suppressed.3–7 A number of materials (including HgTe
quantum well, Bi1−xSbx, Bi2Se3, Bi2Te3, and Sb2Te3)
have been identified to be 3D TIs, both through theoreti-
cal calculations and angular resolved photoemission spec-
troscopy (ARPES).8–12 Among them, the tetradymite-
like compounds such as Bi2Te2Se, Bi2Te2S, Bi2Se2S and
Sb2Te2Se were predicted to host an isolated Dirac cone
on their naturally cleaved surface and attracted intensive
attention.13–16
Besides the intensive study of the surface state in TIs
by ARPES, scanning tunneling microscopy (STM) and
theoretical calculation, the magnetotransport behavior
of bulk TIs is also important since it is directly re-
lated to the practical application. The gapless surface
Dirac states will induce some quantum transport behav-
ior in TIs that results in very large linear magnetore-
sistance (MR6,7,17 and quantum oscillation with Landau
sublevels18. In addition, in the highly doped TIs which
have bulk carriers and exhibit metallic behavior, the com-
petition between the contribution of the bulk carriers
and the surface Dirac carriers could induce some interest-
ing transport properties, such as the quantum Hall effect
and layered transport of bulk carriers in doped Bi2Te3,
19,
and the field-induced polarized transport of valleys in p-
typed Sb2Te3.
20 Especially in Bi2Se3 crystals with bulk
carriers, thermoelectric/thermomagnetic studies reveal
the large Zeeman splitting of the three-dimensional bulk
band and the variation of the chemical potential above
the quantum limit.21 These demonstrate the complex-
ity of the surface/bulk states and the rich magnetotrans-
port in TIs with different bulk carrier densities. Besides
that, although the thermoelectric properties of VA-VIA
compounds have been intensively studied, there are few
reports about the magnetothermpower behavior. The
magnetic field influence on the thermal transport in or-
dinary metals is usually very small. Initially the large
magnetothermopower effect was observed in doped InSb
which was attributed to the effects of the sample geom-
etry on the minority carriers.22 In a system with large
magnetoresistant effect the magnetic field has significant
influence on the properties of carriers and large magne-
tothermopower effect could be expected. The giant mag-
netothermopower effect was achieved in the giant magne-
toresistant multilayer/granular systems and the colossal
magnetoresistant manganites, which could be of interest
for magnetic field sensors or magnetic controllable ther-
moelectric devices.23,24
In this paper, we report the magnetoresistance, mag-
netothermopower and quantum oscillation study of
Sb2Te2Se single crystal. The in-plane transverse mag-
netoresistance exhibits a crossover at a critical field B∗
from semiclassical weak-field B2 dependence to the high-
field unsaturated linear magnetoresistance which persists
up to the room temperature. The low-temperature See-
beck coefficient is negative in zero field contrary to the
positive Hall resistivity, indicating the multiband effect.
The magnetic field induced the sign reversion of the See-
beck coefficient between 2 K and 150 K, . The quantum
oscillation of crystals reveals the quasi-2D Fermi surface.
These effects are possibly attributed to the large Fermi
2surface which touches Brillouin zone boundary and be-
comes quasi-2D.
II. EXPERIMENTAL
Single crystals of Sb2Te2Se were grown using a high-
temperature modified Bridgman method. X-ray diffrac-
tion (XRD) data were taken with Cu Kα (λ = 0.15418
nm) radiation of Rigaku Miniflex powder diffractometer.
Electrical transport measurements up to 9 T were con-
ducted in Quantum Design PPMS-9 with conventional
four-wire method. In the in-plane resistivity and Hall
measurements, the current path was in the bc-plane,
whereas magnetic field was parallel to the a-axis except
in the angular dependent MR measurement. Seebeck co-
efficient was measured using steady state method and
one-heater-two-thermometer setup with silver paint con-
tact directly on the sample surface. The heat and elec-
trical current were transported within the bc-plane of the
crystal, with magnetic field along the a-axis and perpen-
dicular to the heat/electrical current. The relative error
in our measurement for both κ and S was below 5% based
on Ni standard measured under identical conditions. The
de Haas-van Alphen (dHvA) oscillation experiments were
performed at National High Magnetic Field Laboratory,
Tallahassee. The crystals were mounted onto miniature
Seiko piezoresistive cantilevers which were installed on
a rotating platform. The field direction can be changed
continuously between parallel (θ = 0o) and perpendicular
(θ = 90o) to the c-axis of the crystal.
III. RESULTS AND DISCUSSIONS
Sb2Te2Se has tetradymite structure consisting of three
quintuple layers and can be represented as -Te-Sb-Se-Sb-
Te-Te-Sb-Se-Sb-Te- (as shown in the inset of Fig. 1(b)).
Powder XRD pattern of our crystals which were fitted
by RIETICA software25 in Fig. 1(a) can be indexed in
the R3¯m space group. The crystals are plate-like and
the base plane is the ab-plane (Fig. 1(b)). SEM ele-
mentary analysis revealed that the composition of our
crystals is Sb2.02(7)Te1.95(3)Se1.05(7). The in-plane resis-
tivity of the crystal is metallic above ∼ 20 K (Fig. 2(a))
and then increases with decreasing temperature below
20 K (as shown in the inset of Fig. 2(a)). The exter-
nal magnetic field enhances the resistivity in the whole
temperature range significantly, while it has barely any
influence on the thermal conductivity (Fig. 2(b)). The
thermopower behavior of Sb2Te2Se is interesting (Fig.
2(c)). The Seebeck coefficient is positive above ∼ 100
K. But it decreases with decreasing temperature and be-
comes negative below 100 K. The magnetic field induces
the decrease of the sign reversal temperature of Seebeck
coefficient.
Below we will discuss the magnetic field effects on the
resistivity and Seebeck coefficient. Fig. 3(a) shows the
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FIG. 1. (Color online) (a) Powder XRD patterns and struc-
tural refinement results. The data were shown by (+) , and
the fit is given by the red solid line. The difference curve
(the green solid line) is offset. (b) Single crystal XRD pattern
shows that the basal plane of a crystal is the ab-plane. The
inset of (b) shows the crystal structure of Sb2Te2Se.
magnetic field dependence of the MR at several tempera-
ture. At 2 K, the MR reaches ∼ 30% in 9 T field (Fig. 3
(a)). In Fig. 3(b), the field derivative of MR, dMR/dB,
initially decreases with increase in field indicating B1/2
dependence of MR, and then linearly increases with field
in the low field region which indicates a B2 dependent
MR by linear fitting (lines in the low field region). But
above a characteristic field B∗, dMR/dB saturates to a
much reduced slope This indicates that in the high fields
the MR is dominated by a linear field dependence plus
a very small quadratic term (MR = A1B + O(B
2)) as
shown by lines in the high-field region, which extends to
a very low crossover fields B∗ where the MR naturally
reduces to a weak-field semiclassical quadratic response.
The high field linear MR persists even at 300 K. Simi-
lar room temperature linear MR was observed in Bi2Te3
nanosheet.17
The linear magnetic field response was also found in
the Seebeck coefficient (Fig. 4(a) and (b)). As shown in
Fig. 2(c) and Fig. 4(a), the magnetic field enhances the
Seebeck coefficient above 150 K but the Seebeck coeffi-
cient is positive in whole field range. Below ∼ 120 K, the
Seebeck coefficient in zero field is negative in low fields
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FIG. 2. (Color online) In-plane resistivity ρab(T ) (a), ther-
mal conductivity κ(T ) (b) and Seebeck coefficient S(T ) (c) of
Sb2Te2Se single crystal as a function of temperature in 0 T
and 9 T magnetic field respectively. The inset in (a) shows the
magnified part of the semiconductor-metal transition around
25 K.
where the absolute value of S decreases linearly with in-
crease in magnetic field. Above specific crossover field
there is a sign change of S from negative to positive where
the absolute value of S increases with increase in field.
At 120 K, the crossover field is around 3 T. With decreas-
ing temperature, the crossover field initially increases to
about 8 T at 40 K and then decreases to around 2 T at
10 K.
Fig. 4(c) shows the Hall resistivity and the appar-
ent carrier density as function of temperature and field.
The Hall resistivity exhibits linear field dependence, the
signature of single-band behavior. But contrary to the
sign change of Seebeck coefficient with changing tem-
perature and field, the Hall resisitivity for Sb2Te2Se is
always linear and positive in whole temperature and
field range (Fig. 4(c)). The apparent carrier density
napp = B/(eρxy) increases with decreasing temperature
which is consistent with the metallic behavior (the inset
in Fig. 4(c)).
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FIG. 3. (Color online) (a) The magnetic field (B) dependence
of the in-plane magnetoresistance MR at different tempera-
tures. (b) The field derivative of in-plane MR, dMR/dB, as
a function of field (B) at different temperature respectively.
The red lines in high field regions were fitting results using
MR = A1B + O(B
2) and the lines in low field regions using
MR = A2B
2
The tetradymite-like compounds such as Bi2Te2Se,
Bi2Te2S, Bi2Se2S and Sb2Te2Se were predicted to host
an isolated Dirac cone on their naturally cleaved surface
and attracted intensive attention.13–16 In order to clar-
ify the possible topological surface state and the elec-
tronic structure, we performed the quantum oscillation
measurements up to 35 T field on Sb2Te2Se crystals.
Both the magnetoresistance and the magnetic torque
shows quantum oscillation. The temperature-dependent
and angular (θ) dependent cantilever or magnetoresis-
tance signals are shown in Fig. 5 and Fig. 6, respec-
tively. The Fourier transform spectrum of the oscilla-
tion at 0.4 K reveals a periodic behavior in 1/B with
a frequency F ∼ 225 T when field is perpendicular to
the ab-plane (θ=0), as shown in Fig. 6(b). The tem-
perature dependence of the oscillation amplitude can be
used to determine cyclotron effective mass through the
Lifshitz-Kosevitch formula.26 Using the highest oscilla-
tion peak, the fitting gives a m ≈ 0.13(5)me where me
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FIG. 4. (Color online)(a,b) The magnetic field (B) depen-
dence of the Seebeck coefficient (S) at several different tem-
peratures. The dot lines show the position of the zero Seebeck
coefficient and indicate the sign change of the Seebeck coeffi-
cient. (c) Hall resistivity as a function of the magnetic field
at different temperatures. The inset shows the temperature
dependence of the carrier density deduced from Hall resistiv-
ity.
is the bare electron mass (the inset of Fig. 5(a)). Fig.
6(a) shows the magnetic field direction dependence of the
typical dHvA oscillations of Sb2Te2Se single crystal, and
the detailed angular dependence of the oscillation fre-
quency are shown by squares in Fig. 6(b). For a surface
state or two-dimensional Fermi surface, the cross section
has SF (θ) = S0/| cos(θ)| angular dependence and the os-
cillation frequencies should be inversely proportional to
|cos(θ)|. In Fig. 6(b), the angular dependence of the os-
cillation frequency can be fitted very well by 1/| cos(θ)|
(the solid line). This indicates that the observed states
in the quantum oscillation is quasi-2D Fermi surface.
However, the low-temperature resistivity of our mate-
rial is ∼ 5 mΩ cm and the density of carrier from the Hall
resistivity is about 2 × 1019 cm−3, and both values are
close to that observed in doped TIs such as Bi2Se3 and
Bi2Te3. This means the bulk states should dominate the
-0.4
-0.3
-0.2
-0.1
0.0
0 20 40 60
0
1
2
0 5 10 15 20 25 30 35
0.05
0.06
0.07
 
 
C
an
til
ev
er
 S
ig
na
l (
a.
u.
)
 0.4 K
 2 K
 15 K
 30 K
 40 K
 45 K
(a)
  F
FT
 A
m
pl
itu
de
 (a
.u
.)
  T (K)
 Experimental
 Fitting curve
 (m
 c
m
)
 
 
B (T)
(b)
FIG. 5. (Color online) Cantilever (a) and magnetoresistant
(b) oscillation as a function of field below 35 T at different
temperatures. The inset of (a) shows the temperature depen-
dence of the oscillation amplitude of the Fourier transform
spectrum (FFT Amplitude) in cantilever oscillations. The
red line is the fitting results giving cyclotron mass.
transport behavior in this material and the quasi-two-
dimensional Fermi surface observed in quantum oscilla-
tion should not come from the Dirac surface states. In
highly doped Bi2Se3 with a carrier density ∼ 4.7× 10
19
cm−3, it was reported that the Fermi surface is large
enough to touch the Brillouin zone boundary. So the
quasi-2D magnetotransport features in this system arise
from the bulk of the sample acting as many parallel 2D
electron system to give a multilayered quantum Hall ef-
fect, instead of the Surface state.19 Our material has sim-
ilar carrier density and then the quais-2D magnetotrans-
port behavior observed in quantum oscillation (Fig. 6)
should have similar origin. Besides that, the band struc-
ture calculation reveals that the bulk state in Se-doped
Sb2Te3 most likely is massive Dirac state.
13,14, which pos-
sibly induce the linear magnetiresistance in high field as
observed in other materials with Dirac states.17,18
In a nonmagnetic metal, the diffusion of carriers and
the phonon drag effect will contribute to the Seebeck
coefficient. The diffusion mechanism of electron and
holes will determine the sign of the Seebeck coefficient.
The phonon drag mechanism often gives a peak struc-
ture at temperature T ∼ ΘD/5 where ΘD is the Debye
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FIG. 6. (Color online) (a) Cantilever oscillation as a function
of field at different tilting angles θ. (b) The angular depen-
dence of the quantum oscillation frequency. Both of the data
from magnetoresistance SdH oscillation (open squares) and
cantilever oscillation (open circles) are presented. The red
line is the fitting result using 1/| cos(θ)|.
temperature.40,41 In our crystal, the Debye temperature
from the fitting the specific data is ∼ 185 K, and the peak
around 50 K in both of the Seebeck coefficient in 0 T and
9 T field [Fig. 2(c)] should come from the phonon drag.
But the sign change of S below 10 K cannot originate
from the phonon drag effect since magnetic field should
have no influence on the phonon and the Seebeck coeffi-
cient below 10 K is linearly temperature-dependent which
implies that the diffusion mechanism dominates the low
temperature Seebeck coefficient. In a single band metal
with diffusion mechanism and electron-type carriers, See-
beck coefficient is given by the Mott relationship,
S(B) = A
(
σ2
σ2 + σ2xy
D +
σ2xy
σ2 + σ2xy
DH
)
(1)
= A
(Neµ)2D + (Neµ2B)2DH
(Neµ)2 + (Neµ2B)2
; (2)
where A =
pi2k2BT
3e , D =
∂ lnσ
∂ζ and DH =
∂ lnσxy
∂ζ (ζ is
the chemical potential).40–42 From it the dependence of
Seebeck coefficient on field B appears only in the con-
ductivity matrix element σij(B) (σ = σxx). The electron
contribution to Seebeck coefficient Se is usually negative
while the hole contribution Sh is always positive.
40,41 For
a two-band metal comprising electron and hole bands, S
is expressed as
S =
σh|Sh| − σe|Se|
σh + σe
, (3)
where σe(h) and Se(h) are the contributions of electrons
(holes) to the electric conductivity and Seebeck coeffi-
cient, respectively.40 So the different sign of Seebeck co-
efficient and Hall resistivity implies the multiband effect
in Sb2Te2Se, while the linear positive Hall resistivity im-
plies that the single hole band dominates the Hall trans-
port.
Similar sign change in the Seebeck coefficient by de-
creasing temperature was also observed in Se-doped
Bi2Se3
43 and one possible reason for this and the differ-
ent sign between the Hall and Seebeck coefficient is the
negative phonon drag peak superposed by the positive
diffusive thermoelectric response.40,41 This could explain
the positive-negative transition of Seebeck coefficient by
decreasing the temperature in our material. However,
it could not induce the sign change by increasing mag-
netic field since the magnetic field should have no influ-
ence on the phonon drag, and this means the phenom-
ena should come from the carriers. Similar phenomena
where Hall resistivity and Seebeck coefficient has differ-
ent sign were also observed in some noble metals such
as Cu and Ag and was attributed to the neck structure
of the Fermi surface.44 The Fermi surface in Ag and Cu
is far from spherical, but Fermi surface just touches the
Brillouin boundary and has a set of ”necks” at the Bril-
louin boundary.45 Our material has high carrier density
and the quasi-2D magnetotransport behavior in quan-
tum oscillation suggests that the Fermi surface (hole) in
doped Sb2Te2Se is large enough to touch the Brillouin
zone boundary and should give similar neck structure
as Cu/Ag. Usually these necks are almost perpendicu-
lar to the Brillouin boundary and the curvatures near
the necks are oppositive to the residual Fermi surface, as
shown in Cu/Ag case. The neck structure gives a heavy
electron-like (negative) contribution to the Seebeck coef-
ficient. The density of this electron-like states associated
with the necks, is extremely large due to the rapidly vary-
ing surface with energy. But its contribution to the Hall
coefficient is very small because it has the very large ef-
fective mass and the residual Fermi surface is massive
Dirac state with very large mobility. Consequently the
different sign between the Hall and Seebeck coefficient
appears.
The sign reversion of Seebeck coefficient in magnetic
field should be related to the different response of two
kind of contribution from different parts of the Fermi
surface. Similar effects were also reported in several
other materials such as high-Tc cuprates, and was consid-
ered as a signal of the Fermi surface reconstruction.46,47
6For example, the high-field RH and S/T are found to
drop with decreasing temperature and become negative
in HgBa2CuO4+δ, which is attributed to the charge-order
wave and related Fermi surface reconstruction.47 In sim-
ilar materials Bi2Se3 with high bulk carrier density, a
strong variation of the chemical potential and Fermi en-
ergy above the quantum limit is observed and is believed
to induce the observed increase in the Nernst response.?
The change of the chemical potential could also happen
in Sb2Te2Se and it could suppress the contribution of the
states at the Necks of the Fermi surface to the Seebeck
coefficient by suppressing the number of that states. Be-
sides that,with increasing magnetic field, the Dirac holes
will be very easy to form Landau splitting and then oc-
cupy the zeroth LLs (achieve quantum limit) gradually
because of the high mobility and small effective mass,
while the moderate field hardly has any influence on the
states at the necks due to the very large mass. So under
magnetic field the Dirac holes will dominate the thermal
transport behavior in the quantum limit since the Fermi
level locates between the zeroth and first LLs and the
DOS at the Fermi level is suppressed. The positive Hall
resistivity and Seebeck coefficient confirm the dominant
hole-like carriers up to some crossover field above which
there is a sign change in S(B) due to enhanced contribu-
tion of bulk hole-like carriers.
IV. CONCLUSION
In summary, we report the magnetoresistance, mag-
netothermopower and quantum oscillation study of
Sb2Te2Se single crystal. The in-plane transverse mag-
netoresistance exhibits a crossover at a critical field B∗
from semiclassical weak-field B2 dependence to the high-
field unsaturated linear magnetoresistance which persists
up to the room temperature. The low-temperature See-
beck coefficient is negative in zero field contrary to the
positive Hall resistivity, indicating the multiband effect.
The magnetic field induced the sign reversion of the See-
beck coefficient between 2 K and 150 K, . The quantum
oscillation of crystals reveals the quasi-2D Fermi surface.
These effects are possibly attributed to the large Fermi
surface which touches Brillouin zone boundary to become
quasi-2D and the variation in the chemical potential in-
duced by the magnetic field.
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